The economic and effective operation of machinery and plant involved in fluids handling is increasingly dependent on the utilization of materials that combine high corrosion resistance and good wear resistance.
Introduction
Titanium alloys, especially the most commercially available Ti6Al4V alloy, are widely used in aerospace, chemical, and automotive industries. They also find applications in surgery as medical implants due to their exceptional properties such as high specific strength, high toughness, low density, high working temperature, excellent corrosion resistance and biological inertness [1, 2] . Yet, they present relatively poor wear resistance owing to their poor tribological properties [3] [4] [5] [6] [7] .
Ti6Al4V alloy is an alpha plus beta type titanium alloy in which, a phase is crystallized in hexagonal close-packed (HCP) lattice and b phase crystallizes in body-centered cubic (BCC) lattice respectively. It is the most widely used titanium alloy and it can be found as a machining configuration, molding or a powder metallurgy product [2] . Depending on the heat treatment procedure, various microstructures can be obtained in Ti6Al4V alloy, such as lamellar, bi-modal and equiaxed microstructures [2, 8] . Ti6Al4V alloy used in aerospace applications (specifically turbine blades) exposed to sand / dust due to environmental conditions (especially dust / sand storms in deserts) are subjected to solid particle erosion. Thus, erosion resistance renders as an important consideration in designing many critical components made out of Ti6Al4V alloy. More specifically, its structure can be exploited in numerous facilities such as blades and disks of aircraft compressors and gas turbines, helicopter rotor blanding valves, piping and centrifugal pumps used in waste water systems and sea water systems.
Solid particle erosion, a typical wear mode, is a process of progressive removal of material from a target surface that occurs in different machine parts due to the repeated impact of solid particles [9] [10] [11] [12] . The effects of solid particle erosion, such as surface roughness, wear of components, surface degradation and reduction in the functional life of structure, have been recognized for a long time and it is a serious problem in many engineering systems [13, 14] . It is a quite complex phenomenon, since it involves several processes. The main process is the mechanical impact, caused by the impingement of solid particles on the target material, secondary processes, like thermal, chemical and physical reactions between the counterparts are taking place during erosion [15] [16] [17] [18] [19] [20] [21] .
As it is mentioned above, a reason that Ti6Al4V alloy is widely used is because of its excellent corrosion resistance [22] [23] [24] [25] . It is well known that this capacity of the alloy is effected by a surface oxide while a passive film is formed rapidly on titanium in water. The film is rapidly regenerated even if it is destroyed. The surface film consist of TiO 2 and it is amorphous or of low crystallinity. Nevertheless, concerning the property of corrosion resistance, different measurements occur in case of a worn sample of Ti6Al4V alloy examined.
To sum up, the objective of this study is to estimate the influence of the particle impingement angle on the solid particle erosion behavior of Ti6Al4V alloy eroded with Al 2 O 3 particles and then to observe its behavior on corrosion resistance in biological fluids, as well as to examine the possible way the solid particle erosion affect, by altering the Ti6Al4V surface characteristics, the subsequent electrochemical corrosion response.
Experimental Procedure
Ti6Al4V alloy used in this study was supplied by TIMET (Titanium & Medical & Mining Company, Turkey) in the form of 100 x 100 cm sheets (thickness of 1 mm). The samples were cut to sheets of 50 x 50 mm by using a cutting wheel (Accutom-5 by Struers). Specimens were cut from each sheet and prepared for metallographic examination. Traditional metallographic procedures were implemented, which included gridding by SiC papers (up to 1200grit) followed by polishing with diamond suspensions (1μm). Kroll's etch was used in order to reveal the microstructure of heat treated samples of Ti6Al4V. Inspection of all specimens was performed by Scanning Electron Microscopy (JEOL, GSM 6510CV SEM/ Oxford Instruments X-Act EDX). AXray diffraction (XRD) analysis has taken place in order to study the phase transformations and to identify the crystal structure of the Ti6Al4V sheet.
Solid particle erosion experiments, using a commercial sand-blasting chamber, were carried out at impact angles of 30°, 60° and 90° using angular Al 2 O 3 particles (170 -250 μm) as the erodent medium. Coupons were placed on the adjustable sample holder at the opposite side of the nozzle. The distance between the nozzle and the specimen was 10±1 mm, the pressure of the sprayed erodent from the nozzle, directly on the surface of the sample was 1 and 2 bars and the duration of each spraying was 10 min. Every 1 min, the material loss was recorded and the overall erosion rate was calculated from the mass loss versus the mass erodent of the experiment (triplicate runs). Erosion was quantified by mass loss measurement with an accuracy of 0.1 mg. The surface roughness of eroded Ti6Al4V specimens was examined by using an optical surface profilometer (TESA Rugosurf 10G).
Corrosion testing was conducted on coupons that were encapsulated in thermoset resin, leaving a surface area of ~1cm 2 to be exposed to Hanks' Balanced Salt solution at 25°C. All the electrochemical tests were performed using the Gill AC potentiostat/galvanostat by ACM Instruments. A standard three-electrode cell was employed, with Ag/AgCl (3.5 M KCl) as the reference electrode and a platinum gauge as the counter electrode. Potentiodynamic polarization tests were carried out at a scan rate of 10 mV/min, from -1000mV up to +1500mV. Polarization scanning started after 4 h of recording the Open Circuit Potential in Hanks' Balanced Salt solution at 25°C. Reverse polarization was conducted to study the susceptibility of the specimens to localized corrosion.
Results and Discussion

Ti -6Al -4V Characterization
The microstructure of the Ti6Al4V sheet (surface and cross section) is illustrated in Figure 1 . Regarding to the microstructural characterization, Figure 1 27] , we deduce that the alloy sheet consists of a granular primary a-phase (darker regions) and a b-phase plus acicular a-phase (brighter regions) along the grain boundaries. This microstructure of the alloy is a result of annealing at the a+b region (<995°C) with a very slow cool from 927°C to room temperature for 1hour. The X-ray diffraction pattern of the Ti6Al4V (Figure 1c) shows that the alloy obtains mostly ana-phase which crystallizes in HCP lattice and a b-phase crystallized in BCC lattice.
Solid particle erosion behavior -Eroded surfaces morphology
The erosion rates of the examined materials are displayed in Figure 2 (a). It can be observed that at higher impingement angles the erosion behavior of Ti6Al4V is improved significantly. As stated by other researchers [28] [29] [30] [31] [32] [33] [34] [35] , ductile materials exhibit a maximum in the erosion rate at intermediate impact angles (30°). In contrast, the maximum erosion rate of a brittle material is usually obtained at higher impact angle (90°). As a result, this behavior most likely suggests an overall ductile mode of erosion and material removal mode. This ductile character is most likely associated with the presence of the BCCb-phase in the alloy and generally the initial microstructure of the examined material.
As for the different applied pressure of erodent particles
it is generally established that the applied pressure alters the erodent particle velocity, in a proportional way. Other researchers have also extensively investigated the particle velocity effect on the solid particle erosion behavior of materials [32, [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] . Figure 2(a) shows erosion rates of samples as a function of particle pressure at 30°, 60° and 90° impingement angles. It can be seen that erosion rates of samples increase with increasing particle pressure for all impingement angles. On the other hand, increase in the particle impingement pressure does not alter the erosion behavior of Ti6Al4V alloy, and samples exhibit ductile erosion behavior by showing maximum erosion at 30° impingement angle at various pressures.
Surface morphology (topography and roughness) plays, or could play an important role in surface analysis after erosion by particles. Alongside weight loss, more detailed information can be obtained by measuring surface roughness after erosion. Roughness (micro-roughness) parameter was measured before (Ra= 0.1734 ± 0.0492 μm) and after erosion with Al 2 O 3 particles at 1 and 2 bar pressure and 30°, 60° and 90° angles of impingement, using a profilometer. The main roughness parameter which was obtained from this Based on obtained weight loss results, selected and presented values of roughness parameters correlate with erosion rates. It can be seen that roughness significantly changes depending on the impingement angle. It is observed that surface roughness is increased with increasing the particle impingement angle. When the applied pressure is increasing the average surface roughness also increases. Similar results were found by other researchers [49] .
As stated earlier, during the solid particle erosion process, dominant erosion mechanism strongly affects the solid particle erosion behavior of materials. Surface morphology of eroded surfaces may help to determine whether erosion has occurred via a ductile or brittle mechanism [50] . Therefore, eroded surfaces of Ti6Al4V samples were investigated by SEM in order to understand solid particle erosion behavior of samples under various parameters (particle impingement angle and applied pressure). Figure 3 shows the topology of the eroded surfaces for the different materials tested. Intensive landscape with extended and deep grooves can be observed in all cases, which is characteristic of severe plastic deformation. Ductile materials undergo wear by a process of plastic deformation in which the material is removed by the displacing or cutting action of the eroding particles [29, 33, 34] . These mechanisms are called micro-cutting and micro-ploughing, and dominantly erode ductile materials at acute impingement angles (15° and 30°).
The landscape, however, seems to become harsher as the impact angle and applied pressure increase. At normal impingement angle (90°), wear mechanism is dominated by plastic deformation and propagation of multiple cracks in all directions by repeated impacts of erodent particles. However, such damage cannot lead to effective removal of material due to ductile behavior of Ti6Al4V alloy. Therefore, at 90° impingement angle, limited wear tracks and plastic deformations are observed, which cause lower erosion rates compared to 30° impingement angle. Micro-cracks and plastic deformed regions were observed due to penetration of accelerated particles into the sample surfaces; this type of erosion mechanisms cannot effectively erode ductile materials. Hence, minimum erosion rate was observed at 90° impingement angle for Ti6Al4V alloy. Moreover, embedded particles were observed inside the eroded surfaces, as illustrated in Figure 3 . At every examined impingement angle, erodent particles can embed to ductile materials such as Ti6Al4V alloy. Energy dispersive X-ray spectroscopy mapping indicates the presence of alumina particles (Al 2 O 3 ) on the eroded surfaces of samples. Figure 4 demonstrates the potentiodynamic polarization behavior of the eroded Ti6Al4V specimens at different impingements angles at applied pressure 2 bar including that of neat Ti6Al4V.
Corrosion performance of eroded Ti6Al4V alloy
In general the corrosion potential of the specimens which were eroded is lower than of the neat Ti6Al4V because the fact that the eroded specimens exhibit a layer of Al 2 O 3 which protect them from corrosion in Hank's solution. All compositions present passivitation over large ranges of anodic potentials; however, the high values of passive currents (>0.1 mA/cm 2 ) indicate pseudopassivity, as stated by other researchers [3, [23] [24] [25] . 
Moreover, at the areas, which are not fully covered with Al 2 O 3 due to the solid particle erosion experiments, valleys are developed in which localized corrosion phenomena are occurring. In more detail, corrosion pits are present due to the formation of galvanic cells in which the bottom of the valley acts as anode whereas the near the valley areas, which are mainly Al 2 O 3 , act as cathode.
As the corrosion potential values reaches the values of the passivitation area, corrosion products are formed above the described earlier pits. Due to the fact, at the bottom of the pits hydrolysis may occur, the corrosion products possibly are quite unstable ( Figure 5 ) and as a result high currents are detected by the galvanostat due to the low conductivity of the formed corrosion products. Thick hydrated salts are continuing to form rapidly raising the current. As a result, the currents which are detected at the passivitation area (which is the sum of the average value of currents at areas which are covered with Al 2 O 3 -low current areas -and the average value of currents at pits which are covered with corrosion products -high current areas-) exhibit high values leading at a pseudopassivity state.
At the neat Ti6Al4V, the main degradation morphology is intergranular corrosion occurring mainly atthe grain boundaries ( Figure 6 ). The microstructural observations correlate well with the potentiodynamic polarization performance of the eroded materials, with respect to the following aspect: erodent Al 2 O 3 particles were embedded to the grain boundaries of the a-phase and as a result protect the erodent Ti6Al4V from intergranular corrosion.
Concerning the specimens which were subjected to solid particle erosion at impingement angle 30˚, pitting corrosion is not quite extensive since the anodic-to-cathodic transition potential (E a/c tr ) exhibit similar values and the hysteresis loop is quite small. The exact same observations are occurring and to the specimens which were subjected to solid particle erosion at impingement angle 60˚. As for the specimens which were subjected to solid particle erosion at impingement angle 90°, the hysteresis loops are slightly positive which at the active state becomes negative. This means that, while the eroded specimens is corroded at the active state, corrosion pitting is also observed which also is explained by the higher average micro-roughness of the eroded surface. In this case also the presence of embedded Al 2 O 3 lead protection during the pseudopassivity state. In general the examined materials exhibit adequate corrosion behavior towards Hank's solution.
Conclusions
1. Particle impingement angle dramatically affects solid particle erosion behavior of Ti6Al4V alloy. Ti6Al4V alloy shows ductile erosion behavior, and maximum erosion rate occurs at 30° impingement angle.
2. Erosion rate of Ti6Al4V alloy increases by increase in particle velocities.
3. Scanning electron microscopy investigations of eroded surfaces of Ti6Al4V alloy samples reveal the dominance erosion mechanism such as micro-ploughing, micro-cutting and plastic deformation at various parameters. Dominance erosion mechanism varied depending on the particle impingement angle. Particle impingement velocity and erodent particle size do not affect dominant erosion mechanism. These parameters affect the scale of damage caused by solid particle erosion. Scanning electron microscopy results are also well correlated with erosion rates.
4. The surfaces roughness of the samples was dramatically affected by both particle impingement angle and velocity. Surface roughness values obtained by profilometer showed that average roughness of the samples was increased with augmentation in particle impingement angle and velocity.
5. The polarization behavior in Hank's solution is characterized localized pitting corrosion phenomena.
6. The corrosion potential of the specimens which were eroded is lower than of the neat Ti6Al4V because the fact that the eroded specimens exhibit a layer of embedded Al 2 O 3 which protect them from corrosion in Hank's solution.
